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@) Tapered mbcing rod for a fiber optical multi-port coupler. 

@ An apparatus for improved efficiency coupllp.g of opti- 
cal energy is disclosed. Coupling of tfie optical ertergy from 
one or more input fiber optic cables (30, 32) to a larger 
number of output fiber optic cables (34) Is accomplished 
by means of a mixing rod (28) having input and output 
cross-sectional areas substantially matched to the input 
and output coupled fiber groups, respectively, and having 
appropriate tapering of the rod crosssection therebet- 
ween. 

As a result of tapering the mixing rod, the coupler 
' provides gradual reflection angle reduction that permits 
' retention of the transmission system numerical aperture 
despite random refractive bending due to surface imper- 
fections at the mixing rod/fiber coupling junction. In addi- 
tion, an input coupling junction of prior art straight mixing 
rod couplers is obviated in the tapered mixing rod coupler, 
thereby eliminating a source of undesirable coupling loss. 
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1. Field of the Invention. 

This invention relates generally to the art of fiber 
optic transmission linen and more specifically to a novel 
means for coupling the light energy from one or more fiber 
optic cables to a larger number of fiber optic cables, 
but with improved operating efficiency and reduced energy 
losses as compared to prior art fiber optic couplers. 

2, Description of the Prior Art. 

The use of couplers, also known as power splitters, 
is well known in a large number of energy transmission systems. 
For example I waveguide and coaxial couplers are well knovm 
in the microwave communications industry as a means of splitting 
the power available at one point in the communicaLions line 
/nto a selected number of multiple power levels for transmission 
to a plurality of terminal ports. Vlith the relatively recent 
advent of fiber optic communications systems for a variety . 
of purposes including telephone communications, and other 
communication systems with broad bandwidth and insensitivity 
to electromagnetic interference, a need has arisen for means 
for coupling or splitting the transmitted light energy just 
as that need exists in the microwave communications field. 
In 6oth the microwave and optical power transmission systems, 
the process of coupling the energy from at least one input 
line to a larger number of output lines, results in a 
reduction in the coupled energy available at each output line. 
This energy reduction is due to two different phenomena. One 
such phenomenon is the inherent energy reduction due to the 
ratio of division between the number of input line:*, usually 
one, and the larger number of output lines. 
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Aa long as the co.up!l.er! iai.fi passive ddvite and not a more 
ccaly active coupler that utilizer, amplification, the coupling 
lo«:i, per ac, is unavoidable and is uoucAly desli:.>icd into th.- 
ayatetn so that the power level in the output-coupled ports is 
still sufficient to serve the minimum power requirements of 
the system. However, coupling loss also occurs as a result 
of inadvertent reflections at the coupling junctions, the 
inadvertent conversion of the energy into other forms of energy 
that are not useable in the system, and other similar phenorsena 
that produce inadvertent losses that the designer attempts 
to reduce to a minimum in ord'er to provide a coupling 
efficiency that is as high as possible. _ 

In the fiber optics art there are a number of well known 
means for coupling light energy from one or more input fibers 
to a larger number of output fibers. One such coupler of the 
prior art is known as a mixing rod coupler In" which a rod, 
visually made of the same material as that of the fiber and 
having a cross-sectional diameter equal to the group of output 
fibers, is utilized as a means of dispersing the input light 
energy from at least one fiber to a plurality of output fibers 
in roughly equal energy levels. The term "mixing" is applied 
to such a rod, because when the mixing rod is used with more 
than one input fiber cable i the signals on the respective 
input cables are mixed in the rod before being applied to the 
output cables. Accordingly, the term "mixing" is somewhat 
of a misnomer with respect to a coupler that has only one 
input fiber. However, it has become more or less a standard 
term in the art and is used herein to apply to both the single 
and multiple input fiber cases. 
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Mixln^i rod conplcpii of the ^-rior art introduce a number of 
the aforementioned inadvertent coupling losses v/hich are 
preferably avoided, if possible, so that the power levels of 
the signals coupled to the. output cables more closely approach 
the ideal power levels resulting only from the ratio of the 
number of input lines to the number of output lines. Such 
inadvertent coupling losses in prior art couplers result from 
both the losses inherent in each coupling junction betvjecn the 
coupling assembly and the input and output fibers and also 
from the inefficiency of the optical geometry of such prior 
art couplers. The geometrical inefficiency of prior art mixing 
rod couplers results primarily from the use of a cross-sectional 
area vihich remains constant throughout the length of the rod. 
Thus, although output cross section of the prior art mixing 
rod is optimized for coupling to the output fiber group, the 
input crosu section of the mixing rod is far less than optimum 
/or coupling to the input fiber or fiber group. Accordingly, 
the purpose of the present invention is to substantially reduce 
the inadvertent coupling losses of prior art mixing rod 
couplers by reducing the number of coupling junctions in tlie 
coupling assembly interfaced with the input fiber group 
and also by utilizing a geometrical configuration that is 
optimized for both the input and output grolap of fibers. 

SUMMARY OF THE INVENTION 

The present invention is a mixing rod coupler in which the 
constant cross section mixing rod of the prior art is replaced 
by a mixing rod that is tapered so that its cross section is 
substantially matched to both the input and output fiber .groups. 
The resulting coupler obviates the inherent area inismatch of 
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prior art mixing rod couplers and also reduces the number of 
coupling Joints of prior art mixing rod couplers. In addition, 
thf novel eoo™etry of the prefcnt invention permits reterH-ion 
of the numerical aperture of the input fiber optic cable that 
is otherwise reduced in prior art couplers due to inadvertent 
random refractive bending that usually occurs due to imperfect 
surfaces at the output coupling junction. The invention is 
therefore, an improved nixing rod coupler in which inadvertent 
coupling losses, that is, losses other than those due to the 
coupling ratio, are substantially reduced as coapared to 
conventional straight mixing rod couplers of the prior art. 

-The aforementioned disadvantages of the prior art and the 
manner in which the novel geome\;rical configuration of the 
j^resent invention substantially reduces the inadvertent coupling 
losses resulting from those prior art disadvantages, will 
be better understood from the detailed description of the 
invention to follow, taken in conjunction with the accompanying 
drawings iii which: 
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Pig. 1 is an illustrative drawing of a multi-port coupler 
assembly that employs a straight mixing rod of the prior art; 

Fig, 2 is a conceptual illustration of the manner in which an 
optical signal is coupled in a prior art multi-port coupler 
employing a straight mixing rod; 

Fig. 3 is a conceptual illustration used to explain a 
significant disadvantage of straight mixing rod couplers that 
is substantially overcome by means of the present invention; 

Fig. 4 is a conceptual illustration of the manner in which 
an optical signal is coupled by means of the present invention; 

Fig. 5 is an illustrative drawing used to explain the manner 
In which the advantageous coupling characteristics of the 
present invention are achieved; and. 

Fig. 6 provides an illustrative example of the manner in 
which an embodiment of the present invention, suitable for 
coupling a single input fiber to a group of^output fibers, 
may be manufactured. 

DETAILED DESCRIPTION OF THE INVENTION 

Simply stated, a mixing rod coupler couples the optical output 
signal of a single fiber or a group of fibers to the input 
ports of another, usually larger, group of fibers. Fig. 1 
illustrates the operation of one such coupler that employs a 



BNSDOCID: <EP 0013972A1 J_> 



- 6 - 



0013972 



A 

3 
4 
5 
6 
7 

e 

9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

1& 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 



prior art straight mixing rod. Prior art couplc-r 10 coup leu 
the output signal of a sinisle input fiber 13 to a r.roup of 
output fibers lA. In other words , light transmiasion is frow 
left to right in Fig. 1. In addition to the straight mixing 
rod 16, the coupler also includes a fabrication collar 18 
and a suitable optical epoxy 20 which holds the input and 
output fibers in their respective positions with respect to 
coupler 10. The optical coupling, per se, is achieved by the 
straight mixing rod 16. The purpose of the collar 18 is 
twofold, namely, that of holding the fibers in a close-packed 
parallel alignment against the mixing rod face and also of 
providing a protective encapsulation for the finished coupler. 
It is interesting to note that in the prior art coupler 
of Fig. 1, the protective collar is tapered to provide improved 
alignment of the single input fiber 13 with respect to the 
input face of mixing rod 16. However, the mixing rod itself 
is straight in that it has substantially parallel straight 
edges along the longitudinal axis of coupler 10. These straight 
parallel edges provide optical signal reflections as illustrated 
conceptually in Fig. 2. 

As indicated in Fig. 2, a typical straight mixing rod coupler 
assembly comprises the mixing rod 16, an input interface fiber 
13, and output interface fibers 14. As a result, a first . 
coupling junction CI exists at the interface between fib-sr 13 
and the system input fiber 12; a second coupling junction Al 
exists at the interface between the fiber 13 and the mixing 
rod 16; a third coupling junction B1 exists at the interface 
of nixing rod 16 and fibers 14, and a fourth coupling junction 
D1 exists at the interface between fibers lA and system output 
fibers 15. 
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As shown in Fig. 2, light enters th.ij coupling a:ssembly 10 
through the input interface fiber 13 at the left-most portion 
of the coupler at coupler junction CI. As is well known in the 
fiber optic art, the light entering the fiber at an angle with 
respect to the longitudinal axis of the fiber, experience's 
multiple reflections at the fiber edge or cladding as it passes 
along the core of tho fiber. In the case of a stralKjit mixing 
rod, the angle of reflection is maintained through the input 
interface fiber 13, the mixing rod 16 and ultimately, the 
output interface fibers 14 beyond coupler junction B1 • Because 
of the straight*! parallel edges in mixing rod 16, the angle 
of reflection of the light energy with respect to the edge 
of the mixing rod, is maintained as a constant angle of 
reflection Of which is typically equal to about 10 degrees. 

It is well known that optical fibers are designed with a 
particular maximum angle with respect to the center line of 
the fiber at which light rays may enter the fiber and be 
transferred along the length of the fiber. In a typical 
fiber, this maximum angle might be, by way of example, 10 
degrees, in which case, no light rays can be transmitted in 
tho fiber at an angle Of greater than 10 degrees. Any llcht 
ray which enters the fiber with an angle greater than this 
maximum value is .lost through the cladding of the fiber by ^ 
mechanisms which are well known in the art of fiber optics. 
Thus, thjs maximum angle is a limit of the angle with respect 
to the center line of the fiber at which the fiber can accept 
incoming light and transfer that light with minimum attenuation. 
Tho sine of this maximum angle multiplied by the index of 
refraction of the fiber material, is equal to the numerical 
aperture, an important operating parameter of fiber optic 
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tPMnsiniojiion Jiystcms. All of the light which is transmit ceci 
in the fibci" must be contained within the angled between Q 
Uogrec:? and the maximum angle related to the numerical aperture 
of the fiber. 

In any optical fiber coupler device, the maximum angle ±3 of 
great importance. The importance of this angle as it pertains 
f.peclf ically to couplers becomes clear with reference to 
Fig. 3. Fig. 3 represents the junction between ai^y mixip.g 
rod MR and an output fiber OF. It is well known that in no 
case can the surfaces of the mixing rod MR and output fiber 
OF, at Joint B1 , be absolutely flat and perpendicular to the 
axis of light transmission. This lack of perfect flatness 
and perpendicularity is exaggerated in Fig. 3 for purposes 
of .discu3sion. If a light ray exits mixing rod MR at an angle 
ef, it passes out of the mixing rod surface at- point A through 
a separating region which may be filled with a contacting; 
material such as optical cement, a contacting liquid, or fusing 
material. In any case, due to the inevitable lack of perfect 
index matching between the materials of the mixing rod, the 
contacting material and the output fiber, there is some 
refraction at the surface point A and further refraction at 
the surface point B. Because these surfaces*, although thoy 
may be generally acceptable, are still not perfect and because 
these imperfections have random characteristics, the angle 
of exit of the light ray beyond surface point B may be cither- 
larger or smaller than the maximum angle 6f. This exit angle 
is denoted GfZ in Fig. 3. 
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If 6f is close to, or equal to the maximum angle as pi'cviously 

defined, 6f2 may be greater than the iriaximum angle Of. 
Accordingly, when the light reaches the interface surface 
between the core of the output fiber and the cladding of the 
output fiber at surface point C, the light will be lost from 
the core and refracted into the c3 adding. This light will 
eventually reach the outer edge of the cladding at surface 
point D and much of it v/ill be lost by dispersion and various 
other mechanisms. Light v;hich is reflected back at point D 
towards the fiber is reflected into the cladding, remains in a 
cladding mode and is usually lost at other points along the 
outside cladding surface. Accordingly, instead of having the 
light that exits the mixing rod at an angle Of passing into 
the output fiber along the dotted line to point E at the outer 
surface of the fiber core at the cladding interface and 
thereafter behaving in the assumed fashion as previously 
illustrated in Fig. 2, the light is bent because of imperfections 
in the joint between the output fiber OF and the mixing rod MR 
and much of the light which is bent is lost from the fibers. 

As a result, the attenuation of the coupler to light energy 
entering at or near the maximum angle is increased. The result 
is, a substantial reduction in the useable numerical aperture 
of the fiber transmission system that employs prior art 
couplers utilizing straight mixing rods. On the other hand, in 
the present invention the disadvantageous reduction in useable 
numerical aperture resulting from coupling is substantially 
overcome. The means by which this is accomplished in the 
present invention will now be discussed in conjunction with 
Figs. A, 5 and 6. 
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R'j illustrated in^FigVA, in the preserit'lnvention and the 
straight mixing rod of the prior art is replaced by a tapered 
raixing rod in which the edges are substantially parallel 
towards the input and output coupling points, but which are 
tapered therebetween. This tapering characteristic substantially 
reduces the angle of the incoming light ray at coupling point 
C2 from Of to af for the light ray exiting the mixing rod 
at coupling point Bz'. Thus, in contrast to the prior' art 
straight mixing rod, in the tapered Kixing rod of the present 
invention,' the angle which the light ray makes with the center 
line or axis of the fiber, reduces its value as the light 
beam reflects off the tapered surfaces. This reduction process 
is shown in greater detail in Fig. 5. 

In Fig. 5 ©f is again the maximum angle which a light ray 
makes with the axis of the input fiber. However, when a 
reflection occurs at a point in the mixing rod in which tapering 
has already begun, and wherein the mixing rod has a radius R1 
and the tangent line at this point makes an angle Bi with 
respect to the center line of the fiber, the reflected light 
beam is rotated at an angle 23 i, so that it then makes an angle 
(6f~2eJ)with respect to the central line of the fiber. 
Similarly, upon a second reflection at a point further along 
the mixing rod towards the output fiber, where the radius of 
the taper is R2, the light beam is rotated by an additional 
angle 29*, where Pa is the angle of the tangent line at radius 
R2 with respect to the center line of the fiber. As a result, 
the light beam subsequent to this second reflection is at an 
angle with respect to the center line of the fiber that is equal 
to(0f -2p.i -232). It is evident that with multiple reflections 
along the edge of the tapered mixing rod, the angle of the 
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3it»!it beam is gradually roduced from the orafii"^! uns-le uT, 
Althouish In Fis» 5 the angles are exaggerated for purpor,c.:j 
of discussion and clarity, the length of the mixing rod boiri;^; 
conr.idorably foreshortened in comparison to its diameter iii 
Fig. 5, the reflective behavior of the light rays illustrated 
in Fig. 5 is representative of what actually occurs in the 
tnpcred mixing rod of the present invention. 

It will now be apparent that as a result of the reduction 
of the angle of the light ray with respect to the center 
line axis of the output fiber, the inherent random refractive 
bending due to surface imperfections at the output of the 
mixing rod, although still occuring, will not affect or will 
affect to a lesser degree the useable numerical aperture of 
the fiber optic transmission line in which the tapered mixing 
rod of the present invention is utilized in lieu of the 
straight mixing rod of the prior art. More briefly stated, 
the maximum bending due to such surface imperfections is less 
than the reduction of Of provided by the tapered mixing rod. 
In other words i ef2 of Fig. 3 will usually be less than Sf 
because of the prior reduction of Sf before the light ray 
exits the tapered mixing rod. 

An additional advantage of the tapered mixing rod as compared 
to the prior art straight mixing rod is that because the 
tapered rod diameter at the input end is substantially equal 
to the diameter of the input fiber, there is no need for a 
coupling Junction corresponding to Al in Fig. 2 for the prior 
art straight mixing rod configuration. As a result, there is 
an improvement in efficiency resulting from the obviation of 
the reflective and refractive losses that otherwise occur 
at such. an input coupling point. 
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Vir. 6 represents a further refinement of the present, 
invention in an embodiment suitable for coupler .nanufactur... 
A. illustrated in Fig. 6, the tapered coupler 28 has been drawn 
or puUed into a single input fiber from 30. This pulling 
or drawing of the input fiber from the mixing rod itself,, 
substantially eliminates losses at the input fiber/.ixing rod 
interface. Additional coupling efficiency is provided by 
fusing the mixing rod to the output fiber group 3/. at a fuse 
reeion FA shown in Fig. 6. The single, integral fiber/coupler 
configuration of Fig. 6 would typically include a cladding 32 
on the drawn fiber, however, this cladding would be present, 
inherently, if the mixing rod itself were also clad. In 
general, the mixing rod losses are minimized by using a fiber 
of as large a diameter as the mixing rod from which to draw 
the input fiber and taper the mixing rod geometry. Although 
the mixing rod geometry will be a function of the diameter 
and number of the input and output fibers to which the coupler 
'assembly is designed to be mated, a typical 1 to 7 coupler 
mixing rod would have an input diameter of 5 mils, an output 
diameter of 20 mils and an overall length of 3 centimeters 
of which about 1 cm.. is tapered. The mixing rod is usually 
fabricated of the same material as the fiber being coupled 
and may have either a graded index or step .index cladding. 

It will now be apparent that what has been disclosed herein 
is a multi-port coupler for use in optical fiber transmission 
linos and which employs a unique mixing rod of novel tapered 
configuration to produce a highly advantageous improvement in 
light energy coupling efficiency. This improved efficiency 
results from a reduction in the number of coupling points and 
also from the retention of the inherent numerical aperture of 
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the coupled fibers despite randoia refractive bending that 
occurs due to imperfections in the surfaces of the coupler • 
Reduction of the maximum angle of light v/ith respect to the 
center line axis of transmission in prior art couplers , does 
not occur in couplers utilizing the present invention because 
the tapered mixing rod provides gradual reflection angle 
reduction not provided by straight mixing rods of the prior art. 

Although a specific embodiment of the present invention has 
been disclosed , which embodiment represents the best mode 
contemplated by the inventors for practicing the invention, 
it will be apparent to those familiar with the art to which 
the invention pertains that various modifications and 
variations may be constructed without departing from the true 
spirit and scope of the invention. The scope of the invention 
being defined in the following claims: 



0013972 

— 1 4 — 

I. An imprP:v.*.0;iJrrarMs' for c^^upling Ixfiht 
„ cnanatin. f.o.n the port of at least o.c input optical 
tran3.nl..ion line to the resp«ctiv. pets of a plurality or 

• ^,•/^y, Unes t'l*^ improvement comprising: 
output optical traneniissxon lines, t.i- imp 

an optical dispersion device intimately 
positioned between said input transmission line port and said 

output transmission ports, 

said dispersion device hakne a first portion 
or cross-sectional area substantially equal to the cross- 
sectional area or said input trans^i.-slon line port, having 

. a second portion of cross-sectional area substantially e,ual 
to the combined cross-sectional area of said output trans™iesi_on 
line ports, and havlns a third portion of gradually tapered 

■ cross section, Integrally connecting said first portion to 

said second portion, 

2. The improved coupling apparatus recited in 

Claim 1, wherein each of said optical transmission lines 

comprises a fiber optic cable. 

^' 3. The improved coupling apparatus recited in 
Claim 2, wherein said dispersion device is a mixing rod. 

a: The improved coupling apparatus recited in 
Claim 3. wherein said input optical* fiber cable is integrally 
connected to said first portion, having. been formed by 
drawing said first portion into a longitudinally elongated 
extension thereof. 

5. The improved. coupling apparatus recited in 
Claim i., wherein each of said output optical fibers is 
integrally connected to said mixing rod. each of said output 
optical fibers being fused to the third portion of said 
mixing rod. 
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6. In an tipparatus for couplinc light enercy 
emanating from the port of at least one .Input optics! 
transmission line to the respective ports of a plurality 
of output optical transmission lines and having an optical 
dispersion device intimately positioned therebetween, the . 
input optical trancmisoion line' having a numerical aperture 
corresponding to a maximum angle, ef, between the transmitted 
light and the longitudinal axis of the input optical transiuission 
line; the improvement comprising: 

means within said dispersion device for reducing 
the angle, 6, between the transmitted light and the 
longitudinal axis of the dispersion device, for light entering 
said dispersion device at said angle 8 and reflecting, at 
.least once, off the outer surface of said dispersion device, 
where 6 is defined as follows: 

e < ef . 

7. The injproved coupling apparatus recited in 
Claim 6, wherein each of said optical transmission lines 
comprises a fiber optic cable. 

8. The improved coupling apparatus recited in 
Claim 7, wherein said .dispersion device is a mixing rod. 

9. ■ The improved coupling apparatus recited In 
Claim 8, wherein said input optical fiber cable is integrally 
connected to said mixing rod having been formed by drawing 
from said mixing rod a longitudinally elongated extension 
thereof. 
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10. The improved coupiinis npparatus rccitod in 
Claiia S, wherein eccu ox «aid output optical fibor.s ir. integrally 
connected to said mixine rod, each of said output optical 
fibers being fused to said mixing rod at the end opposite 
said elongated extension. i 
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FIG. 6 
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